Specification of sea urchin embryo micromeres occurs early in cleavage, with the establishment of a well defined regulatory state. The architecture of the gene regulatory network controlling the specification process indicates that transcription of the initial tier of control genes depends on a double-negative gate. A gene encoding a transcriptional repressor, pmar1, is activated specifically in micromeres, where it represses transcription of a second repressor that is otherwise active globally. Thus, the micromerespecific control genes, which are the target of the second repressor, are expressed exclusively in this lineage. The double-negative specification gate was logically required from the results of numerous prior experiments, but the identity of the gene encoding the second repressor remained elusive. Here we show that hesC is this gene, and we demonstrate experimentally all of its predicted functions, including global repression of micromere-specific regulatory genes. As logically required, blockade of hesC mRNA translation and global overexpression of pmar1 mRNA have the same effect, which is to cause all of the cells of the embryo to express micromere-specific genes.
T
he genomic regulatory code for specification of endomesoderm in the sea urchin embryo is represented as a gene regulatory network (GRN), which explains the mechanism by which distinct regulatory states are deployed in different territories of the developing embryo (for reviews, see refs. 1-4; for current version see http://sugp.caltech.edu/endomes). One portion of this GRN pertains to the specification of the micromeres, which arise at the unequal fourth cleavage at which the four micromeres are segregated off from the vegetal pole of the egg. The large daughter cells of the micromeres arising at the next cleavage are the founder cells of the skeletogenic micromere lineage. This lineage is the sole normal source of the embryonic biomineral skeleton, a distinct synapomorphic feature of echinoid embryos and larvae, and it also produces essential shortrange signals required for other aspects of endomesoderm specification (5) (6) (7) . Three particular developmental events that are relevant for what follows are (i) the expression of the Delta-signaling ligand on the surfaces of the micromere descendants during the early blastula stage (Fig. 1A) ; (ii) their ingression into the blastocoel at the late blastula stage (Fig. 1B) , after which they are known as primary mesenchyme cells; and (iii) their expression of the biomineralization and cytoskeletal genes, which enable them to generate the skeleton (Fig. 1C) (8) .
Immediately after the fourth-cleavage micromeres are born, they express a gene, pmar1, in response to maternally localized factors (9) . This gene encodes a transcriptional repressor of the paired homeodomain family. In the GRN model, pmar1 serves as the linchpin of a proposed double-negative gate controlling the institution of the micromere regulatory state. The second component of this gate is predicted to be a pmar1 target gene that encodes another transcriptional repressor. This gene must also be zygotically expressed, but it would be transcribed everywhere in the embryo except in the micromere lineage, where it is subject to repression by Pmar1. There are eight targets predicted for it in the GRN, of which the most important for present purposes are the genes encoding the Delta ligand and three regulatory genes, tbr, ets1, and alx1. These three genes lie upstream of all the rest of the micromere regulatory apparatus. In this manner, the double-negative gate would ensure expression of this apparatus exclusively in the micromere lineage. Because its identity was unknown, the second repressor has been referred to in the GRN as Repressor of Micromeres (R of mic). Its existence and properties are specifically implied by the two following perturbation experiments (9, 10) . First, if expression of pmar1 is forced to occur globally (by injection into the egg of the mRNA), then the delta, tbr, ets1, alx1, and downstream genes are transcribed in all cells of the embryo, and all cells thereby adopt 
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To prove the existence of the double-negative gate for micromere lineage specification in the GRN model, it is necessary to find the gene playing the role of the predicted R of mic and establish that its expression and functions are also as predicted.
The r of mic gene should encode a transcriptional repressor, and it should have three distinct characteristics: (i) Its zygotic expression should be transcriptionally repressed by Pmar1; (ii) it should be zygotically expressed everywhere except in the micromere lineage by the time zygotic expression of delta, alx1, ets1, and tbr starts; and (iii) the outcome of knocking down its expression should be similar to forcing global Pmar1 expression (i.e., all cells of the embryo should adopt micromere lineage specification and express delta, alx1, ets1, and tbr).
Results
Genomic Screen for Candidate r of mic Genes. The Strongylocentrotus purpuratus genome sequence enabled consideration of all sea urchin genes encoding transcription factors in our search for r of mic. The total number of annotated transcription factors in this genome, excluding C 2 H 2 zinc finger genes, is 283 (11) , and the total number of predicted C 2 H 2 zinc fingers (some of which encode transcription factors) is 377 (12) . The levels of mRNA expression at several developmental time points were measured for all of these 660 genes (12) (13) (14) (15) (16) . We selected as r of mic candidates all putative regulatory genes for which at least 200 transcripts were detected per embryo at 12 h after fertilization, when delta, alx1, ets1, and tbr are all zygotically transcribed. This threshold is conservative (low) given that r of mic must be expressed in most of the embryo, or in 100 to 150 cells, at this time. This selection resulted in a list of Ϸ100 candidate genes. We excluded those that are maternally and not zygotically expressed up to 12 h after fertilization and all previously studied transcription factors for which enough information was available to confirm that they could not be r of mic. The surviving list now contained 46 candidates [see supporting information (SI) Table 1] .
Because r of mic should be transcriptionally repressed by Pmar1, we screened the 46 candidate genes for down-regulation on forced expression of Pmar1 in the whole embryo [ Fig. 2 and SI Fig. 6 ; mRNA overexpression (MOE)]. The effect of pmar1 MOE on the level of transcripts of each r of mic candidate gene was measured at 9 and 12 h after fertilization by using quantitative PCR. The delta gene was included in the screen as a control. As expected, in the two experiments performed, delta was significantly up-regulated (Ն3-fold changes in transcript levels were considered significant) at both 9 and 12 h after fertilization (Fig. 2) . This result indicated that r of mic must have been down-regulated at both time points in these two experiments. Five of the 46 regulatory genes tested were found to be significantly down-regulated at both time points in the two experiments performed. These genes were six3, smadIP, awh, hesC, and foxJ1 (Fig. 2) .
Among these five transcriptional regulatory genes, hesC particularly caught our attention. Its level of mRNA expression at 9 and 12 h is highest of all five (data not shown). In addition, HesC is a basic helix-loop-helix transcription factor belonging to the Hairy/E(spl) family, and almost all transcription factors of this family are known to function as repressors (17) . That HesC belongs to this family is supported by a phylogenetic analysis (16) and by the fact that it contains the two characteristic domains of the family: the C-terminus WRPW motif (used to recruit TLE/ Grg/Groucho and mediate transcriptional repression) (18, 19) and the Orange domain. We therefore focused on hesC.
Temporal and Spatial Expression of HesC. The spatial and temporal patterns of expression predicted for the r of mic gene are unique. The time course of hesC expression was determined at 1-to 2-h intervals by means of quantitative PCR (Fig. 3A) . This experiment showed that hesC is maternally expressed, but only at low levels. The level of hesC transcript then increases steeply between 8 and 12 h after fertilization, indicating zygotic transcription. To compare the temporal expression of hesC to that of upand downstream genes in the double-negative gate, we measured the levels of pmar1 and delta mRNA in the same embryo samples (Fig. 3A) . As would be expected for r of mic, the zygotic expression of hesC starts before delta is detected, and it occurs while pmar1 mRNA is present.
Whole-mount in situ hybridization (WMISH) provided strong evidence. At 8 h, the steep zygotic expression of hesC had just started and at this time, hesC mRNA was found essentially everywhere in the embryo, including the micromere lineage ( Fig.  3F ; compare to control in Fig. 3B ). The two small cells at the vegetal pole of the embryo, which showed weaker staining than the rest of the embryo, are the small micromeres, that do not belong to the skeletogenic micromere lineage, which is the subject of this article. At 12 h, the steep zygotic increase in hesC expression attained its plateau value (Fig. 3A) , and delta mRNA was already present. The expression of hesC had changed dramatically, in that this transcript disappeared from a set of 12 cells at the vegetal pole (Fig. 3 C and G) , whereas it continued to be expressed everywhere else. Exactly 12 cells expressed delta mRNA at this time (Fig. 3 D and H) , and the same number of cells are now in the micromere lineage. To confirm that the 12 cells lacking hesC mRNA expression corresponded to the 12 micromere lineage cells, we performed double-WMISH. As 2 . pmar1 MOE screen. Graphs showing fold change in mRNA expression for r of mic candidate genes on overexpression of pmar1 mRNA. delta and wnt8 were used as positive and negative controls, respectively. A fold change of 1 (solid line) indicates no change. The numbers situated above 1 indicate a fold increase, whereas the numbers situated below 1 indicate a fold decrease (in logarithmic scale). A 3-fold or greater change was considered to be significant. Open and filled bars represent data from samples at 9 and 12 h of development, respectively. For each type of bar, the two bars correspond to two independent batches of embryos. Error bars represent the standard deviation from three independent measurements on the same sample. Results for 8 of the 46 r of mic candidate genes are shown here (see SI Fig. 6 for data on the remaining 38 candidates).
shown in Fig. 3 E and I, every cell of the embryo expressed either hesC (purple) or ␦ (orange), but no cell expressed both genes. Therefore, zygotic expression of hesC had occurred everywhere in the embryo except the micromere lineage, precisely as predicted for r of mic.
Functional Analysis of hesC. The predicted function of r of mic is to repress micromere lineage specification. Thus, if hesC is r of mic, blocking its translation should result in all cells of the embryo becoming specified similarly to skeletogenic micromeres, the same as when global pmar1 expression is forced to occur (9) . We used a morpholino antisense oligonucleotide (MASO) targeting hesC mRNA for this experiment. The striking effect of this perturbation on the morphology of the developing embryos is shown in Fig. 4 . Up to the blastula stage, hesC MASO embryos were indistinguishable from unperturbed embryos (Fig.  4 A and C) . In both, ingression of primary mesenchyme cells into the blastocoel started Ϸ20 h after fertilization (data not shown). However, in unperturbed embryos, primary mesenchyme cell ingression had been completed by 24 h after fertilization (Fig.  4B) , whereas in hesC MASO embryos, ingression of cells continued until the blastocoel was essentially full (Fig. 4D) . All, or almost all, cells of hesC MASO embryos thus behave in a way normally unique to the micromere lineage. Importantly, at all three stages, hesC MASO embryos look strikingly similar to pmar1 MOE embryos (Fig. 4 C-F ; data not shown for 20-h stage). We next assessed the effect of HesC MASO perturbation on the levels of mRNA of delta, alx1, ets1, and tbr. If hesC is r of mic, the prediction (Fig. 1D ) is that these genes will now be allowed to be expressed in all cells, and their level of transcript should therefore increase, as occurs in pmar1 MOE embryos (9, 10). Fig.   5 and SI Table 2 show this result. By 12 h after fertilization, the amount of transcript of delta and alx1 had increased 4-to 7-fold above normal in the two experiments performed (Fig. 5A) , and by 24 h, that of ets1 and tbr had similarly increased (SI Table 2 ). The level of expression of pmar1 was not affected, indicating that the up-regulation of these genes was not caused by any change in pmar1 (Fig. 5A) .
The derepression of micromere lineage specification occurs in all cells of hesC MASO embryos. This finding is illustrated for the delta marker, as shown in Fig. 5 B-E. In unperturbed embryos, delta mRNA is localized to the micromere lineage ( Fig.  5 B and D) , whereas in hesC MASO embryos, it is detected throughout the whole embryo (Fig. 5 C and E) . Thus, HesC functions to repress micromere lineage specification in all cells other than the micromere lineage, the defining characteristic of the predicted r of mic.
Discussion
The GRN Model Prediction and the Evidence. As regions of a GRN approach completion, the levers of logic can be used to generate precise predictions of missing components. As described elsewhere, the portion of the sea urchin endomesoderm GRN that pertains to specification and initial differentiation of the skeletogenic micromere domain now includes every regulatory gene predicted in the genomic sequence that is expressed specifically in the micromere lineage up to the onset of gastrulation (see http://sugp.caltech.edu/endomes), although some linkages among these genes may remain to be determined. Further, the GRN does not identify genes expressed ubiquitously in the embryo, which provide inputs to micromere genes, and it includes only a sample of the terminal skeletogenic differentiation genes. Nonetheless, it should include all, or almost all, genes encoding transcription factors that are causally responsible for specification of the skeletogenic regulatory state. From the GRN analysis came the prediction of the double-negative gate shown in Fig. 1D (9) , and we have now identified the predicted missing component of this gate: The r of mic gene of the GRN model is hesC. In retrospect, the exact match between the predicted behavior of r of mic and the observed behavior of hesC is remarkable. Both the unique pattern of expression of hesC, which is not reproduced by any other known gene in this embryo, and the unique effects of preventing its expression are those required by the double-negative gate model in Fig. 1D . No additional players are likely to be inserted in the specification gate of Fig. 1D because manipulation of either component, pmar1 overexpression or hesC underexpression, suffices to transform the whole embryo into cells specified as skeletogenic mesenchyme. In either perturbation, all cells (i) express the regulatory state of the skeletogenic micromere lineage (i.e., they transcribe the delta, alx1, tbr, and ets1 genes, normally at this stage specific to the skeletogenic micromere lineage; in the pmar1 overexpression, they even express terminal differentiation genes, such as sm50, not examined here); (ii) ingress into the blastocoel; and (iii) assume a mesenchymal form (Figs. 4 and 5 and SI Table 2 ) (9, 10) . Although this remains to be finally authenticated by identification of the cis-regulatory target sites, HesC interactions with the target genes of Fig. 1D are likely to be direct, as is likely to be the interaction of Pmar1 with the hesC regulatory apparatus. First, both genes encode proteins that contain transcriptional repression domains (see Results for HesC and ref. 9 for Pmar1). Second, the kinetics with which the gate operates almost precludes any intervening steps. In sea urchin embryos at 15°C, it requires Ϸ2-3 h for a regulatory gene to be activated, its product to be translated and transported to the nucleus, and a target gene to respond (20) . We show here (Fig. 3A) that zygotic expression of hesC starts only Ϸ2 h after that of pmar1, and the zygotic expression of delta starts only Ϸ2 h after that of hesC. Third, we have carried out a cis-regulatory analysis of the delta gene, the key relevant results of which are summarized in SI Fig. 7 . For the present discussion, the most important findings are: (i) the cis-regulatory module controlling delta expression in the micromere lineage responds to pmar1 overexpression, just as does the endogenous delta gene (i.e., by ubiquitous ectopic expression), and also responds in just the same way to hesC MASO, again like the endogenous gene; however (ii), a region can be isolated from it that causes ubiquitous expression in unperturbed embryos and is not subject to repression, whereas other regions repress the ectopic expression and are subject to pmar1 control. These results exclude the possibility that there is an indirect effect such that HesC represses another gene that is in turn responsible for delta activation because then the cis-regulatory DNA regions responsible for activation and repression would not be physically separable. Because HesC has a WRPW sequence, like all of its orthologues, it must act as a repressor, and we have shown that it does not interfere with pmar1 expression. These observations strongly indicate repressive interaction at the delta cis-regulatory module. 
